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We have revealed distinctive physicochemical and ion-binding properties of humic and fulvic acid from sedimentary deep groundwater. 
Cu
2+ to chemically homogeneous low affinity sites, which presumably consist of carboxylic 34 groups, via mono-dentate coordination at relatively low pH. The binding mode tended to shift 35 to multi-dentate coordination with carboxylic groups and more heterogeneous 36 alcoholic/phenolic groups at higher pH. X-ray absorption spectroscopy also revealed that 37 Cu 2+ binds to O/N containing functional groups and to lesser extent S containing functional 38 groups as its divalent from. This study shows the particularity of the deep groundwater HSs 39 in terms of their physicochemical and ion-binding properties, compared with surface HSs. 40
41

Environmental impact 42
For future use of deep underground space it is necessary to monitor and protect the quality of 43 deep groundwater. Development of mechanistic models that can describe reactions of 44 pollutants with components in groundwater is mandatory as is the case for surface water 45 systems. Humic substances (HSs) play important roles in the speciation of metal ions;
Introduction 51
Humic substance (HS) is a class of natural organic matters, resulting from degradation and 52 condensation of animal, plant and microbial remains, and ubiquitous in various 53 environments: surface and ground water, ocean, soil, and atmosphere.
1, 2 HS is not a 54 molecular entity with a distinct structure, but should be considered as a group of organic 55 molecules with certain physicochemical properties in common. 3 Based on the solubility to 56 water at different pH, they are operationally divided to humic acid (HA), which is soluble at 57 pH > 2, fulvic acid (FA), which is soluble at both acidic and alkaline pH, and insoluble 58 humin. HSs play important roles in various environmentally-relevant processes; they 59 determine structures of micro aggregates in soils, 3 stabilize metastable minerals, 4 catalyze 60 redox reactions, 5 and capture inorganic and organic contaminants. [6] [7] [8] Proton and metal ions 61 readily bind to the functional groups of HSs, 8, 9 mostly carboxylic and phenolic groups and 62 less significantly amine and sulfur-containing groups, and alter their reactivity, 63 bioavailability, and mobility. 7, 10 64 Ion binding to HSs has been an active topic of research over decades. [11] [12] [13] The 65 particularity of HSs as ligands lies in their chemical heterogeneity and polyelectrolyte 66 nature.
9, 13 The former is manifested in the distribution of the affinity constant of a HS for a 67 given metal ion due to diversity of the environments surrounding its functional groups. The 68 latter originates from negative charges locating on its carbon backbone, which creates 69 negative electrostatic potential that attracts cations and excludes anions.
14, 15 Recent 70 mechanistic models for ion binding to HSs such as the NICA-Donnan model 9 Considering the future use of great-depth underground space by mankind such as 112 geological disposal of nuclear wastes and potential deterioration of groundwater quality, ion 113 binding properties of deep groundwater HSs are to be studied and the applicability of the 114 aforementioned mechanistic models is to be tested, as is the case for surface HSs. Thus, the 115 objective of this study is to reveal the physicochemical and ion-binding properties of HA and 116 FA isolated from sedimentary groundwater at the Horonobe URL of the Japan Atomic 117 Energy Agency (JAEA). 35 The physicochemical properties of the Horonobe HSs, which are 118 denoted as HHSs hereafter, were compared with those of surface HAs and FAs to discuss 119 their structural differences. Binding isotherms of proton (H + ) and copper (Cu 2+ ) was measured 120 over a wide range of conditions by potentiometric titration and fitted to the NICA-Donnan6 model. 9, 11 The results were compared to the model calculations with the generic parameters 122
proposed by Milne et al. 18 , which capture average trends of ion binding to HSs from surface 123 environments. Oxidation state and local coordination environment of Cu 2+ bound to HA 124 fraction of the HHS were also assessed by X-ray absorption spectroscopy (XAS). Copper was 125 chosen as a representative divalent metal ion in this study to examine general metal binding 126
properties of the HHSs, as it can be easily quantified by an ion selective electrode (ISE) and 127 its binding to surface HSs have been well studied 18, 38, 39 . Copper is also an essential trace 128 element for organisms at low concentration and becomes toxic at elevated concentration. same manner in the previous report. 33 Carbon, H and N contents were determined using an 157 elemental analyzer (Yanagimoto, MT-6), and that of S was analyzed by ion chromatography 158 after conversion to SO 4 2-. Ash contents were also determined by combustion at 550 ºC. HSs from the international humic substances society (IHSS) and the Japanese humic 173 substance society (JHSS) and purified Aldrich HA (PAHA) 46 were measured in this study by 174 a UV/Vis spectrometer (UV-3100, Shimadzu). The samples were prepared at 50 mg/L HS 175 solutions in 0.01 M NaHCO 3 buffer. 47 The size distributions of HHA and HFA were 176 determined by flow-field flow fractionation (Fl-FFF) with 1 kDa polyethersulfone membrane 177 (AF2000, Postnova), according to Lukman et al. 48 The electron accepting capacities (EAC) 178 of the HHS and the standard HSs from the IHSS and JHSS were determined by the mediator 179 electrochemical reduction (MER) in a similar way to Aeschbacher et al. 49 , using diquat 180 dibromide monohydrate (99.5%, Supelco) as a mediator. The details of the MER 181 measurement are given in the SI. 182 183
Potentiometric titration 184
Potentiometric titration of HHA and HFA were performed, using the Wallingford titration 185 system. 50 HHS solutions were prepared by dissolving the freeze-dried samples in alkaline 186 solutions around pH 9 and kept stirred overnight. 51 The pH and Cu 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 as the fitting procedure are given in the SI. First, the maximum density of H + binding sites, 228
Q maxj, H of the site j (j = 1 and 2 for the low-affinity and high-affinity sites, respectively), the 229 median values of the affinity constants of the site j for H + , ! K j, H , the apparent heterogeneity 230 parameters of the site j, m j , the Donnan parameter, b, and q 0 were optimized, using the 231 charge/pH curves. Then, the median values of the affinity constants of the site j for Cu 2+ , 232 ! K j, Cu , the ion-specific non-ideality parameters of the site j for H + and Cu 2+ , n j, H , n j, Cu , and 233 the heterogeneity parameters of the site j, p j , which correspond to the reciprocal of the width 234 of the affinity distribution, were optimized by fitting to the Cu 2+ binding isotherms, while n j, H 235 × p j . was kept equal to m j . 11 The lower and upper boundaries were set to 0 and 1 for the m j , n j, 236 i and p j parameters. 237 238
XAS analysis 239
Copper K-edge XANES and extended X-ray absorption fine structure (EXAFS) analyses of 240 Cu 2+ reacted with HHA and PAHA were carried out at the BL-27B in the Photon Factory, 241 KEK. The HA samples were dissolved in alkaline solutions at 4.0 g/L and stirred overnight 242 under Ar atmosphere. After adjusting pH to 4 or 7 with 0.1 or 0.01 M HCl and NaOH, a 10 243 mM CuCl 2 solution was added to achieve the Cu 2+ loading of 80 mmol Cu/Kg HA, and pH 244 was re-adjusted to the original values. These values correspond to the Cu 2+ binding amounts 245 
Physicochemical properties of the HHSs 262
The elemental compositions and 13 C NMR distributions of HHA and HFA are given in Table  263 1 and the more detailed physicochemical properties of HHA and HFA are summarized in 264 Table S1 in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 small O/C and large H/C ratios of the HHSs can be manifested in the van Krevelen plot (Fig.  273   1) . 55 In Fig (Table 1 and Table S1 in The densities of oxygen-containing carboxylic and phenolic functional groups of the 289
HHSs determined by conventional end-point acid-base titration in Table S1 are comparable  290 to those of the surface HSs. This means that the oxygen depletion indicated by the small O/C 291 ratios of the HHSs occurs in functional groups other than carboxylic and phenolic-type 292 groups, as described by Thurman. 56 The UV/Vis optical properties of the HHSs are 293 characterized by relatively small A 250/210 and A 350/280 ratios (Table S1 ). This points to the 294 9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Fig. S2 in  315 the SI). As in Aeschbacher et al. 49 , we found linear relationship between the EAC and the 316 aromaticities of the HSs investigated (Fig. S2) . This is because the concentration of quinone 317 moieties, that are predominantly responsible for redox reactions in HSs, tends to be 318 27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 analysis (Fig. S3 in the SI) performed for the physicochemical properties compiled in Table  324 S1 clearly indicates that they are different from the IHSS and JHSS HSs. BFA is an exception, 325 being clustered into the same group as the HHSs. This may indicate the presence of similar 326 formation processes among them. 327 328
H + and Cu 2+ binding isotherms to the HHSs 329
The charge/pH curves of HHA and HFA at the different salt levels are presented in Fig. 3 . 330
The negative charge (-q) of the HHSs increases with pH and salt concentration, as is usually 331 seen for surface HSs. 17 The maximum negative charge of HFA is larger than that of HHA, 332 which predominantly arises from larger deprotonation at acidic pH (pH < 6). This further 333 suggests that HFA possesses more acidic functional groups, mostly carboxylic groups, than 334 HHA. In Fig. 3 the charge/pH curves of the HHSs are compared to those calculated by the 335 NICA-Donnan model with the generic parameters derived for surface HSs (Table 2) . At 336 acidic pH the slopes of the curves are larger for the HHSs. At neutral and alkaline pH this 337 trend is reversed, although the differences are small. The slope of a charge/pH curve of a HS 338 reflects the width of the corresponding affinity distribution of its functional groups. A smaller 339 slope means a wider distribution and larger chemical heterogeneity.
9 Note that at 6 < pH < 9 340 the negative charges of the HHSs hardly change, indicating that the number of the acidic 341 functional groups having corresponding pK a is small. Thus, these comparisons imply that the 342 negative charges of the HHSs largely originate from H + dissociation from chemically 343 extracted from groundwater collected at -495-550 m bgl through a surface borehole in the 360 Horonobe URL. 33 At pH 4 the slopes of the isotherms to the HHSs are close to 1 in the log-361 log plot, which are larger than those of the model calculations with the generic parameters at 362 the same pH. Interestingly, the differences in the slopes became smaller at higher pH, and at 363 pH 8 for HHA it becomes similar to the slope of the calculated Cu 2+ isotherms. The slope of a 364 metal-binding isotherm of HS in log-log plot is determined by the combination of the 365 chemical heterogeneity of sites and the ion-specific non-ideality such as stoichiometry of the 366 binding. 9 The slope close to 1 in the isotherms of the HHSs at pH 4 together with the 367 relatively large slopes of their charge-pH curves at acidic pH (Fig. 3) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Environmental Science: Processes & Impacts Accepted Manuscript relatively homogeneous sites via mono-dentate coordination. At higher pH it seems that the 369 binding mode tends to shift to coordination with greater denticity such as bi-dentate 370 coordination. 371 372
NICA-Donnan modeling 373
The results of the NICA-Donnan fitting to the H + and Cu 2+ isotherms to HHA and HFA are 374 presented in Figs. 3 and 4 and the optimized parameters are given in Table 2 together with 375 the Milne's generic parameters. 17 The 95% confidence intervals and the correlation matrices 376 of the optimized parameters are given in Tables S2, S3 and S4 in the SI. Note that some 377 parameters associated with the high-affinity sites, namely Q max2, H , log ! K 2,H , and log ! K 2,Cu 378 suffered from large errors. This is because that these parameters were not well fitted to the 379 model due to the limited experimental conditions for H + and Cu 2+ binding to the HHSs in 380 alkaline pH (pH ≤ 10 for the charge-pH curves and pH ≤ 8 or 6 for the Cu 2+ isotherms). In 381 order to unequivocally determine these parameters, potentiometric titration in non-aqueous 382 media would be necessary. 383
For H + binding the model successfully reproduces the charge-pH curves especially at pH 384 < 6. At neutral to alkaline pH the model somewhat underestimated the magnitude of the salt 385 effect. The electrostatic part of the NICA-Donnan model (eps (S4) and (S5) in the SI) 386 assumes a relatively simple functional form for the so-called Donnan volume, which depends 387 only on the salt concentration.
14 Although the Donnan model is relatively simple with only 388 one adjustable parameter and advantageous over other more sophisticated but complex 389 models, its potential flaw for small FAs has been recognized. 59 Considering the sizes of HHA 390 and HFA, which are smaller than the Debye length of the solutions (1 and 3 nm for 0.1 and 391 0.01 M NaClO 4 ), electrostatic potential calculation by the rigid-sphere or ion-permeable 392 sphere model would be more realistic.
14 The discrepancy observed at pH > 6 may also 393 The optimized NICA-Donnan parameters for HHA and HFA are more or less similar to 400 each other except for Q max1, H , which is larger for HFA. The maximum densities of H + binding 401 sites are similar between the high (j = 1) and low (j = 2) affinity sites in HHA. For HFA the 402 density of the latter group was smaller by 1.5 meq/g. The obtained parameters can be 403 compared to those of surface HSs with various origins and the generic parameters in Table  404 2. 18 The values of Q max1, H of the HHSs are in the ranges reported for the surface HSs, while 405 those of Q max2, H are larger. 17 The median affinity constants of H + of the HHS are larger than 406 those of most of the surface HSs and the Milne's generic parameters. The heterogeneity 407 parameter, p j , and ion-specific non-ideality parameter, n j, H are also relatively large for the 408
HHSs. This is especially the case for the low affinity carboxylic-type sites, reflecting the 409 large slopes of their charge/pH curves (Fig. 3) (Table 1) . This can 416 also explain weak H + buffering by the HHSs at neutral to alkaline pH (Fig. 3) .
The NICA-Donnan parameters of Cu 2+ binding to HHSs are rather different from those 418 of the generic parameters derived by Milne et al. (Table 1) . 18 For the low-affinity sites 419 log ! K 1,Cu is larger for HHA and smaller for HFA than the corresponding generic parameters; 420 whereas n 1, H for both HHA and HFA are 1 and larger than the corresponding generic 421 parameters (0.56 for GHA and 0.53 for GFA). For the high-affinity sites log ! K 2,Cu of HHA 422 and HFA are larger than those of the generic parameters, and n 2, H are smaller. Thus, the Cu transitions. 62 The Cu II compounds, on the other hand, are characterized by intense white lines 449 around 8.997 to 9.000 keV due to 1s → continuum transitions. 62 The XANES spectra of Cu 2+ 450 bound to HHA and PAHA at pH 4 and 7 resemble those of Cu II reference materials, 451
especially Cu-tartrate. This suggests that reduction of Cu 2+ bound to HHA and PAHA is 452 negligible, although the magnified plot of the edge regions reveals a slight increase at 8.985 453 keV and a decrease at 8.998 keV for HHA (Fig. S4 in SI) HHA may agree with its low EAC obtained by MER (Fig. S2) . 49 
457
The k 3 -weighted EXAFS spectra of Cu 2+ bound to HHA and PAHA at pH 4 and 7 (Fig. 6  458 (a)) exhibit systematic differences between the two HAs at 5.7, 6.5, and 7.4 Å -1 . In Fig. S4 of 459 SI the same spectra are shown as an overlapped plot. The magnitudes of the corresponding 460
Fourier transforms (Fig. 6 (b) and Fig. S5 (Fig. 4  472 and Table 2 ), it seems more likely that the two independent mono-dentate sites exist in HHA, 473
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